Engineering designers consider many aspects surrounding a product's life in order to meet safety, reliability, quality, manufacturing, and cost requirements. Most of the time this is done in an excellent way and the resulting products offers broad functionality with high quality and reasonable price. However serious considerations of integration of environmental requirements are often missed in the product development process. All products contribute to a range of environmental problems. These problems arise through the entire life cycle of products from the creation to the disposal of products. Design for environment (DfE) is the systematic consideration of design performance with respect to environmental, health, and safety objectives over the full product and process life-cycle. It takes place early in a product's design or upgrade phase to ensure that the environmental consequences of a product's life cycle are considered. The key issue to success is how to select the most appropriate and effective strategy for a particular product to reduce environmental impacts without disregarding the business strategies in the decision making process. In this paper, a general framework is proposed to integrate the life cycle assessment and decision analysis for prioritizing the design for environment strategy by considering uncertainty issues exist in the decision making process. A case study is illustrated focusing in the product upgrade phase. The ultimate goal is to provide a design advisory tool for product designers in the hopes of facilitating their complex decision making processes by considering the environmental issues in mind.
INTRODUCTION
Design for environment (DfE) is the systematic consideration of design performance with respect to environmental, health, and safety objectives over the full product and process life-cycle. Establishing an appropriate DfE strategy for designing an environmentally friendly product is a decisive factor in determining the environmental aspects of the product [1] . The process of establishing a DfE strategy requires consideration of environmental as well as business design factors, and then integrating both factors to prioritize DfE strategies [2] . DfE requires the coordination of several designand data-based activities, such as environmental impact metrics, data management, design optimization, and others [3] . The environmental impacts of a product can be reduced through a variety of strategies. A set of DfE strategies of optimizing each life cycle stage and specific strategies are shown in Table 1 . Table 1 . Design for environment strategies [4] Life cycle DfE strategies Specific strategies Raw materials
Material use Optimization
Design for resource conservation -Reduction of material use -Use renewable material -Use recycled and recyclable Design for low impact material -Avoid toxic or hazardous sub. -Use of lower energy content Manufacturing
Clean manufacturing
Design for cleaner production -Minimize the variety of material -Avoid waste of material -Select low impact ancillary materia and process Distribution Efficient distribution
Design for efficient distribution -Reduce the weight of product -Reduce the weight of packaging -Ensure re-usable and recyclable transport packaging -Ensure efficient distribution
Usually product designers do not have reliable data on environmental impact of materials, parts, and components needed for trade-off decisions [5] . Although data gathered for life cycle analyses (LCA) offers one way to breach this knowledge gap, problems are often compounded by unfamiliarity with environmental issues among product development personnel. To engineers, designers, and managers, the 'environment' may easily falls into the narrow domain of regulation/compliance and it leads to a failure to perceive the strategic benefits from the adoption of DfE practice. In order to integrate quantitative environmental consideration with the selection of DfE strategies, the concept of decision analysis must be included to facilitate decision making. In this paper, we propose a general framework that integrate the life cycle assessment and decision analysis for prioritizing the design for environment strategy by considering uncertainty issues exist in the decision making process. The ultimate goal is to provide a rigorous design advisory tool for product designers in the hopes of facilitating their complex decision making processes at the product design process.
RELATED WORKS
Various checklist type design guidelines are available. MET matrix aims to find the main environmental bottleneck within the product life cycle and identify options for the improvement of environmental aspect of products or processes [6] . In the MET matrix, environmental interventions were grouped into three categories: material cycle (input/output), energy consumption (input/output), and toxic emission (output). Masui [7] developed QFD for Environment (QFDE) by incorporating environmental aspects into QFD to handle the environmental and traditional product quality requirements simultaneously. Brezet and Hemel [4] developed life cycle design strategy wheel (LiDS) method which is applied in many guidelines and studies. It considers the impacts of a product or service across level: product component, product structure, and product system. Keoleian and Menerey [8] suggested a method to identify all of design requirement as a form of matrix then let designer decide so-called must requirement and want requirement. The system focused on evaluation and prioritization of design alternatives and all of design requirements identified are too detail to be used for establishing strategy. Environmental key design drivers of product must be identified and other design drivers must be taken into account systematically by considering the business perspective of the decision making. The critical issue in decision making is how to identify all environmental opportunities and then how to solve the tradeoffs issues related to other design issues. Thurston and Srinivasan [9] presented a framework for employing mathematical decision modeling with a constrained optimization approach to green engineering. Their work suggests that normative decision analysis reflects preferences for conflicting objectives such as minimizing cost and minimizing environmental impact.
Regarding to LCA tools, various computer based LCA tools exist for assessing the environmental performance of the product and a DfE practitioner can easily utilize these tools, even without in depth knowledge of LCA. However tools which integrate both LCA and multi criteria decision making for the selection of DfE analysis is minimal since LCA has been developed with a weak link to decision analysis. Heijungs [10] proposed multi-criteria analysis (MCA) as a tool for weighting and presented a calculation rule for the total environmental index based on a quantitative MCA. However, the calculation rule was not referenced to any specific methods used in the field of decision analysis. Consoli [11] suggested decision analysis as a procedure for weighting different environmental impacts but no examples of how to apply the techniques to weighting of impact categories is included. Weber [12] presented some findings about the relation between weight determination and normalization in the model. However the concept of decision analysis in the context of the development of LCA is missing. Werner and Scholz [13] also reported that a set of criteria for life cycle inventory derived from decision analysis can be used to determine relevant product systems for the purposes of an assessment problem. Guinée [14] proposed that multi-criteria analysis methods may be useful for grouping and weighting however none of the LCA case studies with applied decision analysis methods were shown in the study. Most of these applications have been confined to weighting issues and there is a lack of integrating LCA results into decision analysis for the selection of an optimized strategy in the product design process.
METHODOLOGY
In order to consider both environmental and business strategies in design process, a framework for selecting a design for environment strategy is proposed in this paper. Figure 1 shows the schematic diagram of an optimization process for selecting DfE strategies and it consists with four modules. First, LCA module identifies the environmental impact of the product alternatives. LCA is a well known process and practice for evaluating the environmental profile of product and process systems throughout their entire life cycle. There are four steps of the LCA included in the ISO 14040 series: goal and scope definition, life cycle inventory analysis, life cycle impact analysis, and interpretation phase. In the life cycle inventory analysis stage, environmental loads of the product in the lifecycle are calculated to estimate the relative amount of environmental parameters such as natural resources, energy use and generated waste streams in a product system. Life cycle inventory databases (LCI-DB) have been developed by many different institutes and the use of existing LCI-DB greatly simplifies the life cycle inventory analysis. Even if LCI analysis provide insight of the amount of environmental parameters the results cannot be applied directly to judge the environmental impact of a product system because there are no judgment criteria. Therefore, life cycle impact assessment (LCIA), a systematic method for environmental assessment is applied to convert the inventory results to environmental impact results. Once the inventory parameters are classified into impact categories, the relative contribution of each inventory parameter to a given impact category is quantified using a characterization factor [15] . For example, it is well known fact that CH 4 (methane) has 24 times higher impact than CO 2 for the global warming potential (GWP) and those kind of relative importance should be carried over in the lifecycle impact analysis (LCIA). Next step in LCA is life cycle interpretation phase which interprets the overall results of LCA. Key issues of the product are identified in this phase where systematic methods are used to extract significant processes and activities of the product from the environmental impact assessment results. The key issues are activities, processes, materials, components, or life cycle stages which have significant impact on the total impact of a product system [16] .
After LCA module is performed, design team determines which DfE strategy to be enhanced based on the results of the product's environmental performance captured from LCA. There are various DfE sub-criteria for improving the environmental aspect of each product life cycle stages and the purpose of the DfE module is to decide which product life cycle stages have the greatest environmental hotspot and how the corresponding sub-criteria have to be prioritized. Next step is MCDM module with AHP. AHP is a flexible multi-criteria decision-making tool for complex problems where both qualitative and quantitative aspects have to be considered [17] . AHP helps the analyst organize the critical aspects of a problem into a hierarchical structure similar to a family tree. It is believed that the accuracy of the comparisons of all pairs of criteria and decision alternatives may be affected depending on the information available to the decision-makers and their understanding of the problem under consideration, as well as their previous perceptions [18] .
One of the main concerns regarding traditional AHP is that the expressed preferences are assumed to be deterministic and it is assumed that all the decision-makers agree with that preference. However, the perception of people inevitably changes from one person to another. Since in many cases this problem is present, a degree of uncertainty will be associated with the pair-wise comparisons. In order to solve this problem, statistical AHP is proposed for this study and the deterministic values are represented by the probabilistic judgments. The most rigorous and suitable method to select the appropriate distribution is using the statistical principles. From the central limit theorem, it can be seen that for almost all populations, the sample distribution can be approximated closely by a normal distribution, provided the sample size is sufficiently large [19] . However, construction of the pair-wise comparison requires input from expert usually through survey method and it can be difficult to obtain a large sample size of input from subjectmatter experts. Therefore alternative scenario is to assume that people may converge to a modal value within a range. This modal value could be in the center of the range creating a symmetric triangular distribution or it could be anywhere in the range creating skewed triangular distribution.
CASE STUDY
In order to identify the quantitative environmental impact of the product system, life cycle assessment of a commercial charcoal grill (Weber One-Touch Silver #1299) is studied. All of the parts are disassembled and information about the product is gathered from the discussion with the representative in the company. In addition, a number of scenario and some assumptions are made for quantitative modeling of the product over the entire product life cycle stage.
• Name of the product: Charcoal grill • Material used; see Table 2 . [20] • The selected components for this LCA case study are bowl, lid, cooking grate, bottom grate, cardboard, and ABS. Therefore, energy consumption data for manufacturing processes for making these parts are necessary. Although some heat and gas energy is necessary for specific manufacturing processes, electricity was assumed as the only input to the manufacturing of components and the assembly of a charcoal grill. Electricity consumption for the manufacturing of bowl and lid are assumed as 1.5 kWh each for bowl and lid, 0.7kWh each for cooking grate and bottom grate, and 0.1kWh for ABS wheels. In addition, LCI inventory data shows 0.64kWh for cardboard packaging.
• Production volume is 4500 units/month.
• There is less electricity consumed for assembling of a charcoal grill because this product is designed to be assembled by the customers. However, there is a relatively small amount of electricity consumed in the assembling, such as grill assembling of plastic parts (handles and handle supports), vent systems, etc. This total electricity is assumed to be 1500 kWh/month. 
LCA module
The product system includes every life cycle stage from raw material extraction to end of life. Data collection is the most labor-intensive and time-consuming task. Life Cycle Inventory database (DB) is a life cycle inventory data of material, energy, or process that has been developed previously using average data. Data from different institutes and consultants could be used for this purpose. Mostly, the database from BUWAL 250 Library and ETH-ESU 96 system processes has been used for this study [21] . Based on the data achieved from the product lifecycle scenario, life cycle inventory analysis is performed. First, data should be related to unit processes. Dividing input and output (I/O) of data by the main output of the unit process provides environmental load of the unit process. Second, the fractional contribution of each unit process to the main output of the component system must be known. Multiplying the fractional contribution by the unit environmental load of the unit process and then summing up over the entire unit processes enables to obtain the unit environmental load of the components. Finally, the same logic applies to the calculation of the environmental load of the entire product.
The first two terms of Eq. (1) represent environmental loads from raw material and manufacturing stages. They are divided by a mass inclusion factor ( γ ) because a total weight decision rule was used for the selection of effective components. The second term calculates the environmental load of the distribution stage which includes transportation of the product and the third term evaluates the environmental loads of the product use stage. The last term captures the environmental load generated by the end-of-life scenarios as represented in the product modeling phase [22] . 
Type of product life cycle stages;
Total environmental load of the product system The total life cycle inventory analysis result is shown in Figure 2 . Inventory analysis provides insights of resource used by and emissions created from the entire product life cycle. As can be seen from the figure this product system has an enormous amount of coal and natural gas inventory compared to other natural resources. It generates large carbon dioxide emissions compared to other air emissions throughout its entire life cycle. However, inventory analysis cannot be used directly to represent the environmental impact of the product system since there are no judgment criteria. Therefore, lifecycle impact analysis is performed in order to evaluate the significance of potential environmental impacts. Once the inventory parameters are classified into respective impact categories, the relative contribution of each inventory parameter to a given impact category is quantified using a characterization factor shown in Table 3 . Characterization factors are defined in many ways. The environmental design of industrial products (EDIP) impact method was applied for the characterization of the impacts for this study. Five impact categories are selected: global warming potential (GWP), acidification potential (AP), eutrophication potential (EP), photochemical oxidant potential (POCP), and resource depletion potential (RDP). As an example, Figure 3 illustrates that raw material extraction and product use stages are the dominant impact for the global warming in the life cycle of a charcoal grill. Use of fossil fuel in the raw material extraction process and CO 2 generation from using charcoal briquettes which are the energy source for using a grill have a serious impact on global warming. From this result, designers can come up with several obvious solutions intuitively for prioritizing the DfE strategy to solve the global warming problem; i.e., decrease the use of the raw material by increasing the rate of recycling of material in the product disposal options, decrease the use of energy source (charcoal briquettes), or develop more fuel efficient technology for producing the charcoal briquettes. 
DfE and MCDM module
LCA identifies the environmental hotspot for the product improvement. Based on the result from LCA, product designer set DfE strategies for design improvement. Each strategy has specific sub strategies as shown in the Table 1 . Since it is known that the raw material stage has the greatest environmental impact, five sub-criteria of DfE strategies for material use optimization; weight reduction, use of renewable material, use of low energy content material, use of recycled, recyclable material, and the use of non-toxic material are weighted and the relative importance is compared by the MCDM module. AHP modeling process involves structuring the decision problem, measurement and data collection, determination of normalized weights, and synthesis-finding solution to the problem. Figure 5 depict the overall hierarchy structure of MCDM. The goal is placed on the first level of the hierarchy. Two strategic factors, namely environment and business, have been identified to achieve this goal in the second level of the hierarchy. The third level of the hierarchy consists of the criteria that define the two strategic factors of the environment and the business aspects of product design of the upper level. Five different criteria including five different product life cycle stages are used as identifying the environmental aspect of the product system. Each criterion consists of five different subcriteria which are the desired improvement option for this product realization in the fourth level of the hierarchy. On the other hand, two different criteria, including internal and external business drivers, represent the business aspect of the product system in the third level and occupy five different sub-criteria respectively. The strategic factors, criteria, and sub-criteria used in these three levels of the AHP hierarchy can be assessed using the basic AHP approach of pair-wise comparisons. The fifth level of the hierarchy contains the rating scale. This level is different from the usual AHP approach in that a rating scale will be assigned to each sub-criterion related to every alternative, instead of assessing pair-wise comparisons among alternatives in the usual fashion [24] . The major advantage of this method is to overcome the explosion in the number of required comparisons when the number of alternatives is large. The main reason for adopting this method is that the evaluation sometimes involves a large number of details consisting of several subcriteria. It may be practically too difficult to make pair-wise comparisons with respect to every sub-criterion. Also, it is a time-consuming process. Finally, the lowest level of the hierarchy consists of the alternatives, namely the different designs for environmental strategies for optimizing the raw material stage. A spreadsheet based AHP tool and a questionnaire was developed to collect the subjective decisions from various experts such as product designer, manager, and engineer. Subjective data were used for the construction of the pair-wise comparison matrix and then eigenvalue problems are solved to provide the consistency index (CI) and consistency ratio (CR) of each pair-wise comparison for criteria. Then global weight, local weights and global priority scores are calculated with following equations. Eq. (2) calculates the consistency index between decision criteria and provides the confident level of the decisions provided by the subjective experts. Eq. (3) calculates the global weight of each sub-criteria and Eq. (4) captures the global priority score which provides a deterministic single value of the relative importance of alternative DfE strategies. It is not the scope of this paper to illustrate the each steps of AHP process and the final ranking results are shown in the Table 4 . 
Where, As can be seen from Table 4 , total GPS were normalized for the comparison of optimized strategy selection. Based on the normalized GPS of the five strategies, "non-toxic material" has the highest weight with 0.258. This result indicates that product designers may place more priority on the utilization of non-toxic materials along with other strategies during product development. 
Uncertainty Analysis
Monte Carlo Simulation which is one of the most widespread stochastic modeling techniques is performed. Figure  6 illustrates one of the results of a 1000 times run for two DfE criteria for raw material stage. Instead of providing single deterministic ranking of renormalized scores in these five strategies shown in Table 4 , it generates a probability distribution of each strategy in various available ranges of renormalized scores and provides wide range of design criteria choice to product development team. Design team may further investigate the causes of the inconsistency and the source of variations through the sensitivity analysis. In this context, the term sensitivity can be defined as the amount of uncertainty in a forecast of renormalized scores that is caused by both the uncertainty and model sensitivity for each design criterion. The sensitivity chart helps the decision makers to find out which assumptions in the design criteria influence the results the most and reduce the amount of time necessary to refine the evaluations. As an example, Figure 7 shows that the assumption in 'How important are the manufacturing criteria (MFG) to external driver (ED)' has the highest sensitivity ranking, with 16.7%, and this is considered the most important criterion in the model. Therefore, design team wish to investigate this criterion further in the hopes of reducing its uncertainty. On the other hand, the assumption in 'How important is the energy efficiency (EE) to lower waste (LW)' has the lowest sensitivity ranking and is the least important assumption in the model. The effect of this assumption on the target forecast is not as great as the others and, in this case, it could be ignored or altogether eliminated. In sensitivity charts, one or two assumptions typically have a dominant effect on the uncertainty of a forecast. 
CONCLUSION
With the growing concern on our global environment coupled with public pressures, industries' new management target is to improve the ecological aspect of their product while minimizing the cost, time to market and enhancing the quality of the product offerings. In order to provide the design advisory tool for product designer in their complex decision making process, this paper proposed a general framework for enhancing the environmental aspect of the product design criteria in the product design and product upgrade process. The LCA module provided quantitative measurement of the environmental performance of a specific product through the entire life cycle. The LCA result is then utilized to select the product life cycle stage that has the highest priority to be solved for DfE practice. Then MCDM is introduced to prioritize the alternative DfE strategies considering the qualitative and quantitative decision criteria. It also solves the trade-off decision between environmental and business criteria. This enables decisionmakers to examine the strengths and weaknesses of each strategy by comparing appropriate criteria. Finally, uncertainty analysis is presented to provide the statistical significance and wide range of the available decision for facilitating the product design team in the selection of the optimized design criteria. Uncertainty analysis is useful especially when there are only small differences in the final normalized global priority scores between strategies and the decision maker cannot be certain how to discriminate their relative importance among alternatives. The proposed methodology should not necessarily be viewed as a complex and time consuming job since our ultimate goal is to integrate the framework to the current available product lifecycle management (PLM) platforms with database management techniques for facilitating the holistic decision making process in the product realization process.
